Low pressure -gas chromatography (LP-GC) has been applied during the last few 26 years for the fast analysis of various pollutants in different environmental and food matrices. 27
Introduction 66
Speeding-up the analysis has always been a need in gas chromatography (GC), 67 because shorter analysis times provide a higher throughput and reduced costs. In GC, the 68 application of vacuum column-outlet is an attractive way to speed-up the analysis. Cramers et 69 al. [1] summarised the existing methods to minimize the analysis time in GC and, recently, 70 Mastovska and Lehotay [2] reviewed the main approaches to fast GC coupled to mass 71 spectrometry (MS). These approaches includes i) the use of a short microbore (0.1 mm 72 internal diameter-I.D.) capillary GC column; ii) fast temperature programming; iii) low-73 pressure GC-MS using a megabore (0.53 mm I.D.) column; iv) supersonic molecular beam 74 for MS at high carrier gas flow; and v) pressure-tunable GC x GC [2] . techniques for the analysis of food constituents and contaminants, but only few applications 79 of LP-GC were described despite several attractive features of this technique. As 80 demonstrated by Cramers et al. [3] , the use of a short megabore column may lead to a 81 considerable gain in speed [5] [6] [7] , while Amirav et al. [5] concluded that a short megabore 82 column, such as used in LP-GC, provided similar or even superior analytical performances for 83 fast GC than a short microbore capillary column. Moreover, in contrast to other fast GC 84 methods, the LP-GC setup had significantly increased sample capacity. 85
The present review provides a basic introduction to LP-GC, together with a summary 86 of parameters that need to be optimized for successful LP-GC. This review also aims to 87 summarise recent developments of LP-GC for various industrial, food and environmental 88 applications. 89 90
The concept of low pressure-gas chromatography (LP-GC) 91
The principles and theory together with speed-optimization strategies in gas-92 chromatography have been already clearly defined by other authors [1, 3, [8] [9] [10] and, therefore, 93 a theoretical detailed description of the LP-GC technique will not make the subject of the 94 present review. Instead, a brief discussion of the principal parameters which influence the use 95 of LP-GC is given below. Throughout the review, the following column terminology was To illustrate the influence of the carrier gas molecular weight and of the outlet 115 pressure, Figure 2 presents the measured theoretical plate height H vs. u for nitrogen and 116 helium as carrier gases at atmospheric and vacuum outlet. As predicted, gas velocities at the 117 corresponding minimum of the curves are higher with helium than with nitrogen, while the 118 shift of the minimum is evident for higher gas velocities through the decrease of the column 119 outlet pressure from atmospheric to vacuum. 120
Relation (1) shows that opt u also depends on the diameter of the capillary column 121 used, c d . Under vacuum outlet conditions, short, megabore columns are the most suited to be 122 used since the vacuum would extend across the whole column length, providing a higher 123 analysis speed than the same column operated at atmospheric outlet pressures. In contrast, 124 when narrow bore columns are operated at vacuum outlet conditions, only a fraction of the 125 column length is operated at sub-ambient pressures. This means that the gain in speed for 126 narrow bore columns with high theoretical plate numbers, operated under vacuum conditions, 127 becomes less important [9] . 128
It was practically showed that vacuum GC separations on short, megabore capillary 129 columns (ID of 0.53 mm) with a restriction at the inlet allow carrier gas velocities of about 130 100 cm/s for helium, which is a factor of 10 higher compared to the use of a megabore 131 capillary column under normal pressure [12] . Indeed, under such high speed conditions, the 132 eluting peaks are very narrow and the peak measurement would become problematic due to 133 the limited speed of data rate acquisition. However, the peaks that elute from a megabore 134 capillary column operated under vacuum outlet conditions have peak widths which are not as 135 low as in microbore fast GC and therefore the mass spectral acquisition rate is sufficient [12] . 136
The use of short, megabore capillary columns combined with vacuum outlet may 137 generate an increase of the pressure in the ion source of the MS system to a level exceeding 138 the tolerable limit. If the pumping system of the MS system does have sufficient capacity to 139 maintain pressure at an acceptable level, the pressure in the injector will decrease to sub-140 ambient values which may cause additional practical problems. The above mentioned possible 141 problems may be avoided by using of a microbore precolumn (retention-gap or restriction, 142 which may serve also as a guard column) which should be connected to the head of the mega-143 bore column. The flow is now restricted to an acceptable level, the injection system can 144 operate at above-atmospheric pressures and low-pressure conditions would still prevail 145 throughout the entire column [12, 13] . 146
For a given column, the gain in speed of analysis (G) when vacuum outlet pressure 147 conditions are used compared to atmospheric outlet pressure conditions can be calculated 148 using the following relation [ 
LP-GC applications 199
During the last few years, the application of vacuum GC has been developed and 200 optimised successfully for the rapid analysis of pesticides (Table 1) They reported that, if no co-eluting interferences arose from matrix, the injection of 2 L 211 provided the lowest LODs for the deltamethrin, phosalone, procymidone, captan, pirimiphos-212 methyl, heptachlor, and propargite. However, for some pesticides, e.g. acephate, dimethoate, 213 thiabendazole, and methiocarb, interferences were present using the LP-GC setup, but not in 214 conventional GC, likely due the reduced separation efficiency. Typical chromatograms 215 obtained for a mixture of pesticides by LP-GC and conventional GC is shown in Figure 4 . 216
Limited thermal degradation of thermally-labile analytes, such as carbamates, was also 217 reported in LP-GC. Further, the authors proposed direct sample introduction in LP-GC as 218 larger extract volumes could be injected without clean-up or solvent evaporation. In an another study, Mastovska et al. [18] further evaluated and optimized the 249 quadrupole LP-GC-MS for the routine analysis of 57 pesticide residues in food crop extracts. 250
As shown in Table 2 , two column combinations were tried and the narrower analytical 251 column (0.25 mm i.d.) with a thinner film resulted in the faster analysis of various pesticides. 252
However, no significant difference in precision of peak area and height measurement was 253 observed for both columns showing that the analyte response was not affected by the matrix. 254
Further the study also highlighted the significance of ruggedness in routine analysis of real-255 world samples with fast GC approaches. 256
Pesticides in different types of processed (whole, skimmed and powdered) and 257 unprocessed goat and human milk samples were determined by using solid-phase 258 microextraction (SPME) and LP-GC-MS/MS [19] . µm). However, the LOD was slightly higher (1.6 µg/kg) for LP-GC compared to conventional 310 GC (1.0 µg/kg) or HPLC (0.5 µg/kg) with recoveries above 80% in all cases. The method was 311 also applied to routine analysis and found to be economically viable as it allows handing of 312 50-100 samples in one working day. The authors suggested that the LP-GC method may also 313 be applied for other PAHs as well as for other edible oils. 314
De Zeeuw et al. [12] have shown the application of LP-GC for C 9 to C 18 compounds. 315
The separation was achieved in less than 6 min using a CP-Sil 8CB (10 m x 0.53 mm) with 316 restriction column. Further, they also found that C 70 hydrocarbons eluted in about 32 min and 317 up to C 80 hydrocarbons could be eluted under vacuum conditions. The theoretical plate 318 number was reduced by 30 -40 % compared to standard GC methods. Furthermore, the C 9 319 compounds were found to have a peak width of 1.7 s and matched the IT-MS duty cycle for 320 quantitative analysis. 321
Volatile organic compounds (VOCs) 323
Joos et al.
[25] described a rapid determination of benzene, toluene, ethylbenzene and 324 three xylene isomers, including a nearly baseline separation of the xylene isomers in air 325 samples within 1 min using LP-GC-ITMS. As shown in Table 2 were reported than for conventional GC and ranged from 2 to 10 ng with the majority being 349 lower than 6 ng with recoveries of 95-103 % and RSDs < 17 % for all compounds. 350 351
Organotin compounds 352
Eight organotin compounds (i.e. monobutytin, dibutyltin, tributyltin, tetrabutyltin, 353 monophenyltin, diphenyltin, triphenyltin and tetraphenyltin) were determined in water, 354 sediments and mussels by LP-GC-MS-MS method [29] . Solid-phase extraction was used as 355 13 extraction method from water samples after comparison with liquid-liquid extraction, but 356 extraction of organotins from sediment and mussels was performed using toluene. Matrix-357 matched calibration standards were used to minimize matrix effects. The implementation of 358 LPGC rather than conventional capillary GC permitted use of large-volume injection and 359 reduced analysis time by a factor of two. The recoveries were > 80%, with precision values < 360 18% for all organotin compounds in all medias. The LOQ values ranged from 0.4-32 ng/L, 361 0.22-2.51 µg/kg and 0.11-16.6 µg/kg for water, sediments and mussels, respectively. 362 found that LP-GC is a suitable option for routine analysis, not only because of rapid 373 separation of sample components at low temperatures, but also due to its lower LODs 374 compared to a conventional GC system. Indeed, the total analysis time for conventional 375 capillary GC was 14.6 min, while only 7.6 min were needed for the LP-GC technique. 376 
Advantages and limitations of using LP-GC 413
As it was suggested above, there are some advantages of using LP-GC technique 414 which will be described point by point in the following section. 415
Firstly, using increased velocities and a shorter column, a reduction in the analysis 416 time by a factor of 3-7 or 10 in the case of temperature-programmed or isothermal elution, 417 respectively, is possible. approximately 7-10 mL/min. In general, the maximum pumping capacity of MS is already 448 reached at a column flow-rate of 5 mL/min [13] . Furthermore, an excessive pressure in the ion 449 source can lead to damaging/burning of the filament, especially when chemical ionization is 450 used. However, non-MS applications of LP-GC are inconvenient since the column setup is 451 operated at atmospheric pressure outlet. Further, the efficiency of capillary columns operated 452 at low pressure is lower. The number of theoretical plates will be lower for LP-GC column, 453 compared to the conventional columns as discussed above [12, 27] . However, the loss in 454 theoretical plates is an acceptable shortcoming, when the increased sample throughput is 455 taken into account. 456 457
Practical approaches of using LP-GC 458
When applying LP-GC, no significant changes in the instrumental setup are needed, but 459 there are few practical issues which need to be considered: 460 However, an ion-trap has the MS/MS advantage that is very important for fast GC/MS, 488 especially with target compound analysis. Both analyzers can be operated at relatively high 489 pressure making them compatible with high flow rates used in the wide-bore column. In 490 addition, due to the short column and high flow rates, sharp peak are obtained for LP-GC, 491 while the S/N ratio improves significantly, which results in lower LODs compared to 492 conventional GC (Table 3) a -compared to conventional GC; n.a. -not available; MS analyzers: Q -quadrupole, IT -ion trap, QqQ -triple quadrupole Table 2 . Recent applications of low pressure-gas chromatograhy for various classes of compounds. 
Compounds

